-INTRODUCTION
The f o r m a t i o n o f h i g h -a n g l e g r a i n b o u n d a r i e s d u r i n g d e f o r m a t i o n known a s dynamic r e c r y s t a ll i z a t i o n h a s been d e a l t w i t h i n a c o n s i d e r a b l e number o f . p a p e r s . T h i s due t o t h e fundament a l s i g n i f i c a n c e o f t h i s problem shedding l i g h t on v a r i o u s a r e a s of s t r e n g t h and p l a s t i c i t y p h y s i c s a s w e l l a s a p p l i c a t i o n . The knowledge o f t h e main r e g u l a r i t i e s i f s t r u c t u r e f o r m a t i o n e n a b l e s t h e development o f new p r o d u c t i o n p r o c e d u r e s which e n s u r e t h e r e q u i r e d s t r u c t u r e and p r o p e r t i e s o f m a t e r i a l s .
However, t h e mechanism o f g r a i n boundary f o r m a t i o n i s s t u d i e d i n s u f f i c i e n t l y . The e a r l i e s t p a p e r s i n t h i s a r e a were d e v o t e d t o t h e i n v e s t i g a t i o n o f t h e f . c . c . m e t a l m o n o c r y s t a l s / 1 , 2 / .
It i s shown t h a t depending on t h e t e m p e r a t u r e o f d e f o r m a t i o n t h e r e a r e d i f f e r e n t mechanisms o f dynamic r e c r y s t a l l i z a t i o n . A t r e l a t i v e l y h i g h t e m p e r a t u r e s a n anomalous growth o f some o f t h e s u b g r a i n s was o b s e r v e d , which l e d t o a g r a d u a l t r a n s f o r m a t i o n o f low-angle b o u n d a r i e s i n t o h i g h -a n g l e b o u n d a r i e s . A t l o w e r t e m p e r a t u r e s , t w i n s were formed which grew i n t o r e c r y s t a ll i z e d g r a i n s . I n / 3 , 4/ t h e o b s e r v e d g e n e r a t i o n o f r e c r y s t a l l i z e d g r a i n s i n t h e Mg-0.8%A1--0.005%8 and NaN03.alfoys w i t h a c o a r s e g r a i n e d s t r u c t u r e i n t h e v i c i n i t y o f i n i t i a l b o u n d a r i e s was e x p l a i n e d by s l g n i f l c a n t r o t a t i o n s i n boundary a r e a s , which r e s u l t e d i n t h e f o r m a t i o n o f new h i g h -a n g l e b o u n d a r i e s i n t h o s e a r e a s . The i n v e s t i g a t i o n o f t h e Mg-6Zn-0.65Zr a l l o y / 5 , 6 / h a s shown t h a t n e a r t h e i n i t i a l b o u n d a r i e s m u l t i p l e s l i p i s l o c a t e d and a s u b g r a i n s t r u c t u r e is formed. With t h e growth o f s t r a i n l e v e l and due t o t h e i n t e r a c t i o n o f d i s l o c a t i o n s w i t h s u b g r a i n s , t h e i r t r a n s f o r m a t i o n i n t o h i g h -a n g l e g r a i n b o u n d a r i e s o c c u r s .
Thus, p r e s e n t l y , t h e r e a r e s e v e r a l p o i n t s of view on t h e mechanisms o f high-angle g r a i n bound a r y f o r m a t i o n i n m a t e r i a l s s u b j e c t e d t o p l a s t i c d e f o r m a t i o n . I n t h i s p a p e r a n a t t e m p t is made t o u n d e r t a k e a s y s t e m a t i c i n v e s t i g a t i o n o f t h e mechanism of dynamic r e c r y s t a l l i z a t i o n on p u r e magnesium, magnesium a l l o y w i t h a m a t r i x s t r u c t u r e , and two-phase Mg-Li a l l o y w i t h a duplex s t r u c t u r e .
-EXPERIMENTAL PROCEDURE AND MATERIALS
C a s t i n g o t s o f p u r e magnesium (99.98%Mg) w i t h t h e i n i t i a l g r a i n s i z e o f 2 mm, t h e MA14 (6%Zn, 0.65%Zr,balance Mg) a l l o y w i t h t h e i n i t i a l g r a i n s i z e o f 85 pm, and t h e MA21 (8.1%Li, 4.2%A1, 4.7%Cd, b a l a n c e Mg) a l l o y were u s e d . 
COLLOQUE DE PHYSIQUE
u p s e t on t h e T1114 I n s t r o~~m a c h ' n e ' n t h e t e m p e r a t u r e i n t e r v a l o f 523-773 K and i n t h e s t r a i n r a t e i n t e r v a l o f l 0 -10-P-'.
I n o r d e r t o f i x s t r u c t u r a l changes due t o h o t s t r a i n i n g a s p e c i a l u n i t f o r t h e r a p i d quenching o f s a m p l e s immediately a f t e r d e f o r m a t i o n was u s e d . The time r e q u i r e d f o r c o o l i n g from 773 K down t o room t e m p e r a t u r e n e v e r exceeded 0 . 6 S . M e t a l l o g r a p h i c a n a l y s i s i n t h e o r d i n a r y and p o l a r i z e d l i g h t was conducted on t h e Neophot-2 opt i c a l microscope and Epiquant a u t o m a t i c s t r u c t u r e a n a l y z e r . Deformation r e l i e f was s t u d i e d i n t h e JSM 840 s c a n n i n g e l e c t r o n microscope. T r a n s m i s s i o n e l e c t r o n microscopy was c o n d u c t e d on T e s l a 88-540 and JEM-2000 EX. The f o i l s were p r e p a r e d by means o f c h e m i c a l and e l e c t r o l y t i c p o l i s h i n g and i o n beam m i l l i n g on t h e Eiko E-20 u n i t .
-RESULTS
The d e f o r m a t i o n o f p u r e magnesium and MA14 a l l o y r e s u l t s i n c o m p l i c a t e d s t r u c t u r a l c h a n g e s .
The d i f f e r e n c e s a r e a s s o c i a t e d mainly w i t h t h e , i n i t i a l s t a g e o f p l a s t i c f l o w . A f t e r s m a l l s t r a i n s t h e number o f t w i n s i n p u r e magnesium grows r a p i d l y . Depending on t h e t e m p e r a t u r e o f d e f o r m a t i o n , from 5-7 a t 573 K t o 2-3 a t 723 K n o n p a r a l l e l t w i n o r i e n t a t i o n s a p p e a r w i t h i n a s i n g l e g r a i n . I n t h e MA14 a l l o y , c o n t r a r y t o p u r e magnesium, no t w i n f o r m a t i o n is o b s e r v e d a t s m a l l s t r a i n s a t t e m p e r a t u r e s h i g h e r t h a n 473 K, b u t t h e i n i t i a l g r a i n b o u n d a r i e s become curved and r e c r y s t a l l i z e d g r a i n s a p p e a r n e a r t h e t r i p p l e p o i n t s . Note t h a t t h e s e g r a i n s have a n o r i e n t a t i o n c l o s e t o t h a t o f t h e i n i t i a l g r a i n s .
E l e c t r o n m i c r o s c o p i c s t u d i e s have r e v e a l e d t h e d i f f e r e n c e between t h e d i s l o c a t i o n s t r u c t u r e
n e a r t h e i n i t i a l b o u n d a r i e s and i n s i d e t h e s e b o u n d a r i e s . I n t h e c e n t r a l a r e a o f n o n r e c r y s t a ll i z e d g r a i n s t h e r e a r e i n d i v i d u a l d i s l o c a t i o n s p a r a l l e l t o one a n o t h e r and l o c a t e d i n t h e basa l p l a n e < 0 0 0 1 > . I n t h e boundary a r e a d i s l o c a t i o n w e l l s p r e v a i l , t h e d i s t a n c e between them b e i n g 1-4 pm ( F i g . l a , b) .
. 1 -T e d i s l o c a t i o n s t r u c 5 7 3 K and s t r a i n r a t e o f 10-3s-': a ) F=15% i n t h e r y ; b) E=40% w i t h i n t h e i n ; C) &=50% i n t h e v i c l n i t y o f t h e I n i t i a l g r a i n boundary. After t h e 25-40% s t r a i n h a s been r e a c h e d , a developed s u b s t r u c t u r e is formed ( F i g . l c ) . Varyi n g t h e i n c l i n a t i o n o f t h e f o i l , it was e s t a b l i s h e d t h a t a s i g n i f i c a n t p o r t i o n o f s u b g r a i n b o u n d a r i e s c o n s i s t s o f d i s l o c a t i o n w a l l s t h a t a r e l o c a t e d i n d i f f e r e n t c r y s t a l l o g r a p h i c p l a nes. Note 
t h a t i f a c o n s i d e r a b l e d e n s i t y o f t r a p p e d l a t t i c e d i s l o c a t i o n s (TLD) is o b s e r v e d i n
t h e b o u n d a r i e s o f i n i t i a l g r a i n s , t h e r e a r e p r a c t i c a l l y no TLD i n t h e b o u n d a r i e s o f r e c r y s t a ll i z e d g r a i n s though w i t h i n t h e g r a i n s t h e r e a r e l a t t i c e d i s l o c a t i o n s . I n t h e MA14 a l l o y , def o r m a t i o n a t 523 K l e a d s t o t h e c o a g u l a t i o n and s p h e r o i d i z a t i o n o f second p h a s e s i n t h e bound a r i e s o f new g r a i n s . With t h e growth o f s t r a i n l e v e l , r e c r y s t a l l i z e d g r a i n s a r e formed i n both m a t e r i a l s a t t h e b o u n d a r i e s o f i n i t i a l g r a i n s and t h e s p e c i f i c p o r t i o n o f r e c r y s t a l l i z e d g r a i n s i n c r e a s e s . I n magnesium, t w i n s undergo c o n s i d e r a b l e changes. C o a r s e t w i n s a r e c u t i n t o i n d i v i d u a l g r a i n s by t h i n t w i n s o r d i s l o c a t i o n w a l l s , t h e i r b o u n d a r i e s bend and m i g r a t e . Latt i c e d i s l o c a t i o n s r u n i n t h e s p e c i a l b o u n d a r i e s ( F i g . 2 ) . Such g r a i n s d z s p l a y a second-time r e c r y s t a l l i z a t i o n i n t h e c r o s s -p o i n t s o f narrow t w i n o r i e n t a t i o n s and a r a p i d growth o f new g r a i n s . F i g . 2 -F i n e t y i n l s t r u c t u r e i n p u r e magnesium a f t e r t h e 15% s t r a i n i n g a t T=573 K and s t r a i n r a t e o f 4 X 1 0 S .
A c h a r a c t e r i s t i c f e a t u r e of t h e s t r u c t u r e f o r m a t i o n i n t h e MA21 (magnesium-lithium) a l l o y i s t h e f o r m a t i o n o f s u b s t r u c t u r e ( F i g . 3 a ) w i t h i n t h e whole body o f b o t h t h e h . c . p . 4 -p h a s e and b . c . c . B -p h a s e due t o t h e 15-50% s t r a i n . With f u r t h e r p l a s t i c flow d i f f e r e n c e s a p p e a r i n t h e s t r u c t u r a l changes o f M -and p -p h a s e s . I n t h e M -p h a s e , h i g h -a n g l e g r a i n b o u n d a r i e s a p p e a r o n l y i n c e r t a i n a r e a s , mainly a c r o s s t h e prolonged l a m e l l a s o f t h i n p h a s e . T h i s i s where t h e -phase p r e c i p i t a t e s ( F i g . 3 b ) .
Fig. 3 -Dsfofmation relief i n t h e MA14 a l l o y a f t e r t h e 15% s t r a i n a t 525 K and s t r a i n r a t e o f 2 X 10-S-; a ) n e a r t h e i n i t i a l g r a i n boundary; b) w i t h i n t h e g r a i n .
The r o t a t i o n o f some o f t h e M-phase g r a i n s a g a i n s t e a c h o t h e r is o b s e r v e d . A t l a r g e s t r a i n s a r e c r y s t a l l i z e d s t r u c t u r e i s formed i n t h e whole o f p -p h a s e . The s i z e s o f t h e new g r a i n s and t h o s e o f t h e f o r m e r s u b g r a i n s a r e a l m o s t t h e same.

The d e f o r m a t i o n r e l i e f o f magnesium and t h e MA14 a l l o y a t t h e e a r l y s t a g e s o f d e f o r m a t i o n depends on t e m p e r a t u r e and is p r a c t i c a l l y t h e same f o r b o t h m a t e r i a l s . A t 573 K two t y p e s o f s l i p l i n e s can be d i s t i n g u i s h e d : l o n g s t r a i g h t o n e s p a s s i n g t h r o u g h t h e whole g r a i n and s h o r t wavy o n e s . T h e i r l e n g t h is 2 pm o r l e s s and t h e y a r e c o n c e n t r a t e d n e a r t h e i n i t i a l g r a i n bound a r i e s ( F i g . 4 ) . With t h e r i s e o f t e m p e r a t u r e l o n g wavy s l i p l i n e s a p p e a r , t h e i r u n d u l a t i n g c h a r a c t e r being more pronounced n e a r t h e b o u n d a r i e s . It h a s been shown e a r l i e r /7/ t h a t s t r a i g h t s l i p l i n e s i n magnesium i n d i c a t e t h e o p e r a t i o n o f t h e b a s a l s l i p s y s t e m ' w h i l e t h e wavy l i n e s a r e t y p i c a l o f t h e pyramid s y s t e m s .
-DISCUSSION E x p e r i m e n t a l d a t a o b t a i n e d i n d i c a t e t h a t t h e f o r m a t i o n o f h i g h -a n g l e g r a i n b o u n d a r i e s d u r i n g p l a s t i c d e f o r m a t i o n s a s s o c i a t e d w i t h t h e o p e r a t i o n o f s e v e r a l mechanisms o f dynamic r e c r y st a l l i z a t i o n . The l a t t e r p r o c e s s is a f f e c t e d by t h e phase and c h e m i c a l c o m p o s i t i o n o f m a t e r i a l and its i n i t i a l s t a t e . ( b ) F i g . 4--T e s t r u c t u r e o f t h e MA21 a l l o y a f t e r t h e d e f o r m a t i o n a t 723 K and s t r a i n r a t e o f
4 X 1 0 3s-Q: a ) M-phase, E=50%; b) p -p h a s e , E=75%.
The most u n i v e r s a l i s t h e mechanism o f t h e f o r m a t i o n o f h i g h -a n g l e g r a i n b o u n d a r i e s o u t o f t h e low-angle b o u n d a r i e s a s a r e s u l t o f t h e t r a n s f o r m a t i o n o f t h e l a t t e r . I n magnesium and i n t h e MA14 a l l o y t h e f o r m a t i o n o f a developed s u b s t r u c t u r e t a k e s p l a c e i n t h e boundary a r e a s , which i s c o n n e c t e
d w i t h t h e development o f a m u l t i p l e s l i p t h e r e d u r i n g t h e d e f o r m a t i o n due t o l o c a l e l a s t i c s t r e s s e s caused by t h e i n c r e a s e d d e n s i t y o f d i s l o c a t i o n s . The pyramid s y st e m s may become more a c t i v e though t h e i r v a l u e '
Crit is much h i g h e r t h a n t h a t o f t h e b a s a l p l a n e s l i p s y s t e m s . The i n t e r a c t i o n o f d i s l o c a t i g n s 6 f d i f f e r e n t s y s t e m s r e s u l t s i n t h e forma t i o n o f s u b g r a i n s whose m i s o r i e n t a t i o n a n g l e c o n t i n u o u s l y grows d u r i n g t h e d e f o r m a t i o n due t o l a t t i c e d i s l o c a t i o n s r u n n i n g i n t o them.
The f o r m a t i o n o f s u b s t r u c t u r e t h r o u g h o u t t h e volume i n t h e MA21 a l l o y is e x p l a i n e d by a l a r g e number o f s l i p s y s t e m s i n t h e b . c . c . l a t t i c e o f t h e p -p h a s e . I n t h e & -p h a s e t h e a l l o y i n g o f magnesium by l i t h i u m d i m i n i s h e s t h e c / d r a t i o down
t o 1 . 6 1 1 /8/ which l e a d s t o a n a p p r o x imately e q u a l v a l u e if71 . f o r t h e b a s a l p l a n e s and pyramid and a c c o r d i n g l y t o t h e m u l t i p l e s l i p w i t h i n t h e q r a i n s gfl%tiis component. The d i f f e r e n c e s i n t h e a c t u a l s l i p s y s t e m s r e s u l t i n t h e f a c t t h a t i n magnesium and i n MA14 r e c r y s t a l l i z e d g r a i n s a p p e a r mainly i n t h a v i c i n i t y o f i n i t i a l b o u n d a r i e s w h i l e i n MA21 t h e y a r e found t h r o u g h o u t t h e g r a i n volume.
An i m p o r t a n t r o l e i s p l a y e d a l s o by t h e mechanism o f dynamic r e c r y s t a l l i z a t i o n a s s o c i a t e d w i t h t w i n n i n g a t e a r l y s t a g e s o f p l a s t i c f l o w . The c r o s s i n g o f t w i n s c r e a t e s a r e a s s u r r o u n d e d by t w i n b o u n d a r i e s . I n t h e c o u r s e o f d e f o r m a t i o n l a t t i c e d i s l o c a t i o n s r u n i n t h e s e b o u n d a r i e s which r e s u l t s i n t h e i r t r a n s f o r m a t i o n i n t o h i g h -a n g l e b o u n d a r i e s o f g e n e r a l t y p e /g/. The f o r m a t i o n o f new g r a i n s under any mechanism o f dynamic r e c r y s t a l l i z a t i o n is accompanied w i t h t h e m i g r a t i o n o f t h e i r b o u n d a r i e s and development o f g r a i n boundary s l i d i n g a l o n g t h e i r b o u n d a r i e s 151. T h i s r e s u l t s i n a n a b r u p t a c c e l e r a t i o n o f t h e TLD d i s s o c i a t i o n i n t h e boundar i e s o f r e c r y s t a l l i z e d q r a i n s . A s a r e s u l t , t h e s e b o u n d a r i e s , c o n t r a r y t o t h e o r i g i n a l bounda r i e s , a r e p r a c t i c a l l y devoid o f d i s l o c a t i o n s . A s t h e r a t e o f d i f f u s i o n a l o n g t h e b o u n d a r i e s i s h i g h e r t h a n t h a t w i t h i n t h e g r a i n s , t h e p r e c i p i t a t i o n and c o a g u l a t i o n o f d i f f e r e n t p h a s e components t a k e p l a c e a t t h e b o u n d a r i e s i n them. The t r a n s f o r m a t i o n o f i n t e r g r a i n b o u n d a r i e s i n t o t h e i n t e r p h a s e b o u n d a r i e s t a k e s p l a c e . T h i s p r o c e s s l e a d s e i t h e r t o t h e f o r m a t i o n of a microduplex s t r u c t u r e l i k e i n MA21 o r t o t h e g e n e r a t i o n o f b o u n d a r i e s o f second p h a s e which d r a g f u r t h e r m i g r a t i o n o f b o u n d a r i e s l i k e i n MA14.
-CONCLUSIONS
During t h e h o t d e f o r m a t i o n o f t h e magnesium a l l o y s o f d i f f e r e n t t y p e s a dynamic r e c r y s t a l l iz a t i o n t a k e s . p l a c e , t h e main mechanisms o f h i g h -a n g l e g r a i n boundary f o r m a t i o n b e i n g t h e f o llowing : 1. The f o r m a t i o n o f s u b g r a i n s t r u c t u r e due t o t h e i n t e r a c t i o n o f d i f f e r e n t s l i p s y s t e m d i s l oc a t i o n s and g r a d u a l t r a n s f o r m a t i o n o f s u b b o u n d a r i e s i n t o h i g h -a n g l e b o u n d a r i e s . 2 . The f o r m a t i o n o f t h e n u c l e i o f new g r a i n s on t h e s i t e s o f t w i n c r o s s i n g and t r a n s f o r m a t i o n o f t w i n b o u n d a r i e s i n t h e b o u n d a r i e s o f g e n e r a l t y p e . 3. The f o r m a t i o n o f new g r a i n s due t o t h e d i s s o c i a t i o n o f t r i p l e p o i n t s . 4 . The o v e r l a p o f t h e h e t e r o g e n e o u s ~h a s e t r a n s f o r m a t i o n w i t h t h e dynamic r e c r y s t a l l i z a t i o n l e a d s t o t h e t r a n s f o r m a t i o n o f i n t e r g r a i n b o u n d a r i e s i n t o t h e i n t e r p h a s e b o u n d a r i e s .
